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BACKGROUND: The impact of diﬀerent transportation noise sources and noise environments on arterial stiﬀness remains unknown.
OBJECTIVES: We evaluated the association between residential outdoor exposure to annual average road, railway, and aircraft noise levels, total noise
intermittency (IR), and total number of noise events (NE) and brachial-ankle pulse wave velocity (baPWV) following a cross-sectional design.
METHODS: We measured baPWV (meters/second) in 2,775 participants (49–81 y old) at the second follow-up (2010–2011) of the Swiss Cohort Study
on Air Pollution and Lung and Heart Diseases in Adults (SAPALDIA). We assigned annual average road, railway, and aircraft noise levels
(Ldensource ), total day- and nighttime NEtime and IRtime (percent fluctuation = 0%, none or constant noise; percent fluctuation = 100%, high ﬂuctuation)
at the most exposed façade using 2011 Swiss noise models. We applied multivariable linear mixed regression models to analyze associations.
RESULTS: Medians [interquartile ranges (IQRs)] were baPWV = 13:4 (3.1) m/s; Ldenair ð57:6% exposedÞ = 32:8 (8.0) dB; Ldenrail ð44:6%
exposedÞ = 30:0 (8.1) dB; Ldenroad (99.7% exposed): 54.2 (10.6) dB; NEnight = 123 (179); NEday = 433 (870); IRnight = 73% (27); and IRday = 63:8%
(40.3). We observed a 0.87% (95% CI: 0.31, 1.43%) increase in baPWV per IQR of Ldenrail , which was greater with IRnight > 80% or with daytime
sleepiness. We observed a nonsigniﬁcant positive association between Ldenroad and baPWV in urban areas and a negative tendency in rural areas.
NEnight , but not NEday , was associated with baPWV. Associations were independent of the other noise sources and air pollution.
Conclusions: Long-term exposure to railway noise, particularly in an intermittent nighttime noise environment, and to nighttime noise events, mainly
related to road noise, may aﬀect arterial stiﬀness, a major determinant of cardiovascular disease. Ascertaining noise exposure characteristics beyond
average noise levels may be relevant to better understand noise-related health eﬀects. https://doi.org/10.1289/EHP1136

Introduction
There is substantial epidemiological evidence relating long-term
exposure to transportation noise with cardiovascular disease
(CVD) (Babisch 2014; Vienneau et al. 2015), which is the leading cause of morbidity and mortality worldwide (Lozano et al.
2012; Murray et al. 2012). It is proposed that noise aﬀects CVD
through stress reactions that repeatedly trigger the autonomic
nervous and endocrine systems (Babisch 2002), particularly
during resting periods and while sleeping. This is supported by
ﬁeld and experimental sleep studies that have observed increases
in stress hormones, speciﬁcally catecholamines (Babisch 2003;
Schmidt et al. 2013), as well as in blood pressure, heart rate and
endothelial dysfunction (Basner et al. 2011; Schmidt et al.
2013), and little habituation of the cardiac arousals under
repeated nighttime noise exposure (Basner et al. 2011). Noiseinduced stress and sleep disturbances could also increase cortisol levels, disrupt the circadian rhythm, and promote oxidative
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stress and inﬂammation (Münzel et al. 2016; Recio et al. 2016).
Long-term noise exposure could therefore lead to chronic
homeostatic changes and contribute to vascular damage, diabetes, obesity, and hypertension, which could contribute to CVD
(Babisch 2002). However, although there is increasing evidence
for the association of noise with hypertension (van Kempen and
Babisch 2012), little is known about the impact of noise on relevant cardiovascular end points such as arterial stiﬀness, a major
risk factor and a strong independent predictor of future CVD
and mortality (Zieman et al. 2005).
The potential involvement of arterial stiﬀness was suggested
by an experimental study, which observed acute nighttime aircraft noise eﬀects on endothelial dysfunction (Schmidt et al.
2013). Two recent epidemiological studies also observed associations between residential outdoor exposure to annual average
road noise levels, commonly used as a long-term exposure indicator, and isolated high systolic blood pressure (Babisch et al.
2014a; Foraster et al. 2014), which indicates loss of arterial elasticity (Franklin et al. 1997) and translates into increased pulse
pressure, an indirect marker of arterial stiﬀness (Zieman et al.
2005). However, to our knowledge, no epidemiological study has
assessed the impact of noise on direct markers of arterial stiﬀness. Recent technological advancements provide the opportunity
to use reliable new arterial stiﬀness measures in clinical practice
and in large samples (Vlachopoulos et al. 2012, 2015). Brachialankle pulse wave velocity (baPWV) is a valid, noninvasive, easy
to use, and reproducible oscillometric measure of both peripheral
and central arterial stiﬀness (Endes et al. 2015).
Transportation noise sources (from road, railway, and aircraft)
are the most prevalent environmental noise exposures in the
European population (European Environment Agency 2014) but
are rarely studied together (Méline et al. 2015). Most epidemiological studies have focused on long-term exposure to either
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outdoor road or aircraft noise levels at home, as shown in metaanalyses (Babisch 2014; Vienneau et al. 2015), and fewer have
evaluated railway noise (Dratva et al. 2012; Seidler et al. 2016a,
2016b; Sørensen et al. 2011). Although previous epidemiological
studies have focused on average noise levels, ﬁeld studies suggest
that nighttime noise events correlate better with awakening reactions and cardiac arousals than average levels (Basner et al. 2011;
Brink et al. 2008). Therefore, it is unclear whether average levels
alone are a good predictor for cardiovascular eﬀects. Studies are
needed that evaluate not only average noise levels but the relevance of their content in noise events. Moreover, little is known
about the importance of environments with low and high noise
ﬂuctuation (i.e., constant noise vs. isolated events that stand out
from a quiet background, respectively), particularly at night.
Very recently, a new indicator called intermittency ratio was created, which allows the estimation of this characteristic (Wunderli
et al. 2016).
In this study, we aimed to evaluate the association of longterm exposure to transportation noise levels and their temporal
structure with baPWV in an adult population-based Swiss cohort
by assessing residential outdoor annual average levels of road,
railway, and aircraft noise; total (all-source) noise intermittency
ratio; and total number of noise events, and accounting for several confounders including coexposure to traﬃc-related air pollution. We also evaluated how the studied associations with
baPWV were modiﬁed by diﬀerent noise exposure situations and
participant characteristics.

Methodology
Study Sample
The Swiss Cohort Study on Air Pollution and Lung and Heart
Diseases in Adults (SAPALDIA) is a population-based cohort of
adults. The baseline study population was examined in 1991
(SAP1) and consisted of a random selection of 9,651 adults 18–
60 y old from eight environmentally diverse areas in Switzerland
corresponding to diﬀerent municipalities (Martin et al. 1997).
The ﬁrst follow-up (SAP2) was in 2001–2003 (n = 8,047; 83%
response rate) (Ackermann-Liebrich et al. 2005). The second
follow-up (SAP3) was in 2010–2011 (n = 6,088; 76% response
rate), and it aimed to further investigate CVD and aging. In
SAP3, arterial stiﬀness was measured in a random sample of
3,086 participants who were ≥50 y old in the examination year
(64% of the 4,832 participants in this age range), which constitutes the gross sample of the present cross-sectional study.
The study was approved by the ethics boards of the eight
SAPALDIA study communities, and all participants signed informed
consent.

Arterial Stiffness
At SAP3, we measured baPWV using a noninvasive VaSera VS1500N vascular screening system (Fukuda Denshi). As described
elsewhere (Endes et al. 2015, 2016), measurements were taken in
supine position after ≥10 min of rest in a quiet room with constant temperature. Common blood pressure cuﬀs were placed on
each upper arm and above the ankles. The initial notch of the
pulse waves at the heart and at the ankle was detected on average
over six cardiac cycles (a cardiac cycle or beat includes systole,
diastole, and the intervening pause) by attaching electrocardiogram leads at each wrist and a phonocardiogram on the sternal
border in the second intercostal space. The time delay of the pulse
wave from the heart to the ankle was determined by a foot-to-footmethod. Vascular length between the heart valve and the ankle artery was estimated by the VSS-10 software (Fukuda Denshi) using
Environmental Health Perspectives

the manufacturer’s height-based formula. Brachial-ankle pulse
wave velocity reﬂects arterial stiﬀness between the brachial and
tibial arteries and is calculated by dividing the arterial length by
the time delay of the pulse waves (meters/second). We used the
average of two consecutive measurements at 3–5-min intervals
and of both body sides for analyses. Reproducibility was high in
this cohort (Endes et al. 2015). Blood pressure was measured following standard protocols (Pickering et al. 2005), in sitting position and after 10 min of rest, using a validated automatic device
(Omron 705IT, Omron Healthcare, Japan). Two measurements
were taken, separated by ≥3 min, and their mean was calculated.
Mean arterial pressure (MAP) was calculated as follows: MAP =
ð2 × diastolic blood pressure + systolic blood pressureÞ=3.

Noise Exposure Assessment
Based on the source-speciﬁc noise models described below, we
assigned annual average road, railway, and aircraft noise levels,
total number of noise events, and total noise intermittency ratio at
the height of the ﬂoor of the most exposed façade of the geocoded residential addresses. Addresses were indicated by participants. The indicators were derived as follows.
Noise models provided A-weighted long-term average sound
pressure levels determined over all day (Lday; 0700–1900 hours),
evening (Leve, 1900–2300 hours), and night (Lnight, 2300–0700
hours) periods of a year (in decibels) as deﬁned in Directive
2002/49/EC (European Parliament and Council of the European
Union 2002). We combined these time periods to derive the
standard 24-h annual average European Union (EU) indicator
Lden (in decibels), with 5-dB and 10-dB penalties for Leve and
Lnight, respectively, and with truncation at 35 dB for road and at
30 dB for aircraft and railway noise.
As reported previously (Wunderli et al. 2016), the total annual
average number of noise events for all sources was counted for
nighttime (NEnight ) and daytime (NEday ). Noise events were
counted when their maximum noise level exceeded a certain calculated threshold (i.e., 3 dB above the total A-weighted average
sound pressure level per hour). Total nighttime (IRnight ) and daytime intermittency ratios (IRday ) were then calculated as the percentage of the total sound energy due to the isolated events, that
is to say, the ratio between the events’ noise level for period T
(Leq,T,events ) and the total noise level for the same period T
(Leq,T,tot ), both expressed in sound energy (unit: percent)
(Equation 1). We used the total of all sources to study whether
the overall noise environment was ﬂuctuating or more constant.
IR =

100:1Leq,T,events
× 100 ð%Þ
100:1Leq,T,tot

[1]

Source-speciﬁc noise models for Switzerland for 2011 were
produced to provide detailed exposure assessment in the framework of the SiRENE project (Short and Long Term Eﬀects of
Transportation Noise Exposure) and are described elsewhere
(Karipidis et al. 2014). Brieﬂy, the aircraft noise modeling
included the emissions of one military and the three major civil
airports. Noise levels were calculated with FLULA2 software
(version 4; Empa) using a combination of traﬃc statistics
(Federal Oﬃce of Civil Aviation), radar data (Zürich), acoustic
footprints (Basel, Geneva), and idealized number and time of
ﬂight paths for the military airport (Payerne). Railway noise levels were derived using sonRAIL (Thron and Hecht 2010), and
noise propagation was calculated with the Swiss railway noise
model SEMIBEL (FOEN 1990). The calculations considered the
railway tracks’ geometry, location of switch points, noise barriers, train types, driving speed, and traﬃc statistics. Road noise
levels were calculated using the sonROAD emission model
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(Heutschi 2004) and the StL-86 propagation model (FOEN 1987)
with input data from 3-D geometry, including bridges, noise barriers, road slopes, type and width, speed limits, traﬃc statistics in
an hourly resolution per each road type, and location and height
of noise barriers (Karapidis et al. 2014).

Air Pollution Exposure Assessment
Outdoor air pollution was assigned to the geocoded participants’
addresses as biannual average nitrogen dioxide concentrations
(NO2 ) and average particulate matter of 2:5 lm diameter (PM2:5 ).
NO2 was prioritized as a marker of near-road air pollution and
was thus considered the main potential confounder of road noise
eﬀects. Biannual estimates were available from validated land-use
regression (LUR) models generated for SAPALDIA and represented exposure during the recruitment period of 2010–2011.
Traﬃc variables and national dispersion model estimates were important predictors in these LUR models (Eeftens et al. 2016).

Other Explanatory Variables
We collected the following information at SAP 3 using personal
interview–administered questionnaires: age (continuous), sex (male/
female), educational level achieved (low/middle/high), smoking
(no/yes), number of pack-years smoked (continuous), passive
smoking (no/yes), alcohol consumption (no/yes), consumption
of raw vegetables (days/week), cooked vegetables (days/week),
and ﬁsh (days/week), bedroom orientation (street/backyard), closing windows at night (no/yes), study area (municipality), selfreported hearing impairment (none/mild/severe), self-reported
doctor-diagnosed CVD, cardiovascular medication (none vs. ≥1),
and the Epworth daytime sleepiness score from 0 (none) to 24
(maximum) (Johns 1991). Based on a short questionnaire, we
deﬁned physical activity as exercising for ≥150 min=wk at a moderate intensity according to physical activity guidelines (WHO 2010).
General transportation noise annoyance was assessed using the question, “How much are you disturbed by transportation noise at home
when windows are opened?” on an International Commission on the
Biological Eﬀects of Noise (ICBEN)-type 11-point scale from 0
(not at all annoyed) to 10 (extremely annoyed) (Fields et al.
2001). We also scored the item, “Are you sensitive to noise?” on
a 6-point scale from 1 (strongly disagree) to 6 (strongly agree).
This item is part of the 10-item Weinstein noise sensitivity score
(Weinstein 1980, 1978). We also accounted for an administrative
neighborhood-level socioeconomic index (deprivation index)
based on the median household income, household occupancy,
educational level, and occupation of the head of household
reported in the 2000 census (Panczak et al. 2012). Finally, we
used the measured height and weight to calculate body mass
index (BMI) in kilograms per meter squared.

Statistical Analyses
We included 2,775 participants (i.e., >90% of the sample with
baPWV measurements, n = 3,086) who had complete data on the
outcome, exposures, and covariates of the main model described
below.
We performed descriptive analyses of all variables and
derived the natural logarithm of baPWV to normalize its distribution. We assessed bivariable relationships between baPWV,
noise, and air pollution indicators with Spearman rank correlation. To assess the shape of the association of all independent
variables with baPWV, we used penalized smoothing splines,
and we transformed variables accordingly for nonlinear associations. As a result, we analyzed BMI as a squared term and categorized NE in quartiles. No transformation was required for food
consumption variables (days/week). We only dichotomized these
Environmental Health Perspectives

variables in descriptive analyses for better visualization, given
their skewed distribution.
Lden was prioritized as the EU marker and for conciseness,
given its very high correlation with Lday (rs = 0:92–1:00) and
particularly with Lnight (rs = 0:98–1:00) levels, for both railway
and road noise levels (see Table S1). Furthermore, nighttime aircraft activity was limited in this sample (see Table S2).
Correlations were rather high between IRday and IRnight (r = 0:88)
and between NEday and NEnight (rs = 0:80), but they varied in levels and in range and in their day- and nighttime correlations with
source-speciﬁc noise levels (see Tables S1 and S2). Therefore, in
main analyses, we prioritized nighttime IR and NE as the most
relevant time window for cardiovascular noise eﬀects (Basner
et al. 2011).
We evaluated the percent change in the geometric mean of
baPWV per interquartile range (IQR) change in the noise indicators using multivariable linear mixed models. Linear mixed models are an extension of linear regression models that permit the
inclusion of a random intercept by study area to account for
between-area eﬀects.
First, we studied associations of railway, road, and aircraft
Lden levels and IRnight and NEnight with baPWV separately, in
single-exposure models. The main model (model A) was a multiexposure model including all source-speciﬁc Lden levels. We
further adjusted for IRnight (model B) or NEnight (model C) to
evaluate the impact of the noise level, the ﬂuctuating noise environment, and the noise events independently of each other. In
secondary analyses, we further explored models B and C with
IRday and NEday instead of IRnight and NEnight .
All models were adjusted for covariates selected a priori, as
suggested in previous literature on baPWV (Endes et al. 2016)
and noise-related CVD epidemiology (Vienneau et al. 2015): sex,
age, sex×age, education, smoking status, pack-years smoked,
second-hand smoke exposure, alcohol consumption, ﬁsh and
cooked and raw vegetable consumption, BMI, BMI2 , physical activity, MAP, MAP×sex, and NO2 levels. Models were adjusted
for MAP to obtain a clean measure of arterial stiﬀness with
baPWV (Endes et al. 2016; Vlachopoulos et al. 2012). Given the
substantial left-truncation of the aircraft and railway Lden levels,
we also included a source-speciﬁc indicator variable with a value
of zero for left-truncated observations and a value of 1 otherwise;
this allowed us to interpret results for those above the truncation
threshold. Covariates were included in consecutive increasing
adjustment sets to check their inﬂuence on the estimated eﬀect
(see Figure S1). Figure S1 also considers adjustment for potential
confounders not included in the main model because of missing
observations and for two potential mediators of the studied association (noise annoyance and daytime sleepiness).
We studied characteristics of the sample that could modify
the association between the source-speciﬁc Lden levels and
baPWV, speciﬁcally: sex, daytime sleepiness score, noise annoyance, noise sensitivity, IRnight , study area recategorized as urban
versus rural area, bedroom orientation, and closing windows at
night. For this purpose, interaction terms between the noise exposure variable and the respective potential modifying factor were
tested as part of the main multiexposure model A.
In sensitivity analyses, we studied potential exposure misclassiﬁcation by residential mobility by excluding movers in the 10 y
before the visit. We also evaluated model A after exclusion of
participants with hearing impairment or CVD (to avoid uncertainty on perception and outcome due to diﬀerent degrees of disease and treatment).
To assess potential selection bias, we compared the characteristics of the ﬁnal sample with those of the underlying SAP3 samples from which it was extracted. Furthermore, we assessed
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Table 1. Main characteristics of the study sample.
Variables
Continuous variables [median (IQR)]
Brachial-ankle pulse wave velocity (m/s)
Lden, road (dB)
Lden, railway (dB)
Lden, aircraft (dB)
IRnight (%)
NEnight (n)
Nitrogen dioxide (lg=m3 )
Age (years)
Pack-years smoked
Body mass index (kg=m2 )
Mean blood pressure (mmHg)
Noise sensitivity score (n)a
Daytime sleepiness score (n)b
Categorical variables [n (%)]
% exposed to Lden,c road
% exposed to Lden,c railway
% exposed to Lden,c aircraft
Sex, women
Education
Low
Middle
High
Smoking
Never
Former
Current
Secondhand smoke, yes
Alcohol consumption, yes
Moderate physical activity, ≥150 min=week
Raw vegetables, ≥5 d=w
Cooked vegetables, ≥5 d=w
Fish, ≥1 d=w
Study area
Basel
Wald
Davos
Lugano
Montana
Payerne
Aarau
Geneva
Bedroom orientation, backyardb
Close window at night,b yes
Noise annoyance, yes
CVD medication, yes
CVD,b yes

Total n = 2,775
13.4 (3.1)
54.2 (10.6)
30.0 (8.1)
32.8 (8.0)
73.1 (27.2)
122.9 (178.9)
17.3 (10.5)
63.2 (12.3)
1.0 (20.5)
25.9 (5.6)
97.5 (16.0)
3.2 (1.6)
14.0 (5.0)
2,766 (99.7)
1,237 (44.6)
1,598 (57.6)
1,417 (51.1)
169 (6.1)
1,817 (65.5)
789 (28.4)
1,175 (42.3)
1,140 (41.1)
460 (16.6)
330 (11.9)
1,286 (46.3)
1,648 (59.4)
2,013 (72.5)
1,586 (57.2)
1,889 (68.1)
329 (11.9)
484 (17.4)
289 (10.4)
357 (12.9)
307 (11.1)
350 (12.6)
457 (16.5)
202 (7.3)
1,607 (58.2)
621 (22.5)
1,588 (57.2)
835 (30.1)
1,090 (39.3)

Note: CVD, cardiovascular disease; IQR, interquartile range; IRnight, total nighttime
noise intermittency ratio; Lden, annual average noise levels for 24h with + 5 dB and
+ 10 dB penalties for the evening and night, respectively; NEnight, total nighttime number of noise events.
a
11.9% missing observations.
b
<1% missing observations.
c
Percent exposed above Lden truncation level (road, 35 dB; railway and aircraft, 30 dB).
Medians (IQR) for railway and aircraft Lden levels among those exposed were respectively 40.0 (45) dB and 37.1 (29.4) dB.

potential participation selection bias due to loss to follow-up
from the baseline recruitment (SAP1, n = 9,651) with inverse
probability weighting (IPW), applying the inverse of the probability of participating in the present study to the main model.
Probabilities were derived using variables from the baseline
recruitment that predicted participation in the present study.
Analyses were performed using Stata v.13.0 (StataCorp LLC)
and R v.3.1.3 (R Foundation for Statistical Computing). Statistical
signiﬁcance was considered at an alpha level of 0.05.

Results
The characteristics of the study sample (n = 2,775) were similar
to those of the underlying SAP3 sample in which baPWV was
Environmental Health Perspectives

measured (n = 3,068) and to those of the entire SAP3 sample for
the same age range (n = 4,832). The ﬁnal sample diﬀered from
the entire SAP3 sample (n = 6,088) mainly in being 3 y older and
more medicated and in having more CVD but a slightly better
lifestyle (see Table S2).
Participants had a median (and average) age of 63 y
(IQR = 12:3; range: 49.4–80.9); 51% were women, and their median baPWV was 13:4 m=s (IQR = 3:1; range: 8.8–26.2) (Table
1). The medians (IQRs) of road, railway, and aircraft Lden levels
were 54.2 (10.6), 30.0 (8.1), and 32.8 (8.0) dB, respectively; and
those of NEnight , NEday , IRnight , and IRday were 123 (179), 433
(870), 73.1% (27.2), and 63.8% (40.3), respectively. In addition,
99.7%, 44.6% and 57.6% of the study population were exposed to
road, railway, and aircraft Lden levels above the truncation value,
respectively. Medians (IQRs) for railway and aircraft Lden levels
among those exposed were 40.0 (45) and 37.1 (29.4) dB, respectively (Table 1; see also Figure S2).
In bivariate analyses, we observed a small signiﬁcant correlation between railway noise levels and baPWV (Spearman rank
correlation, r = 0:04) (see Table S1).
The highest correlation between source-speciﬁc Lden levels
was r = 0:13 between railway and aircraft Lden levels. The highest correlation of IRnight was with both railway and road Lden
levels (r = 0:11), and the lowest was between IRday and road
Lden levels (r = − 0:06). Road Lden levels had the highest correlation with NEday and NEnight (r = 0:77 and r = 0:67, respectively,
treated as continuous variables) and with air pollution (r = 0:42
with NO2 , and r = 0:22 with PM2:5 ). Railway Lden levels had the
highest correlation with NO2 (r = 0:21), and aircraft Lden levels
had the highest correlation with PM2:5 (r = 0:24).
In multivariable analyses (Table 2), railway Lden levels and
NEnight were signiﬁcantly associated with baPWV, but road and
aircraft Lden levels and IRnight were not.
Speciﬁcally, an IQR change in railway Lden levels was associated with an increase of 0.87% (95% CI: 0.31, 1.43) in baPWV
in the adjusted single-exposure model (Table 2) or 1.08% (95%
CI: 0.39, 1.78) per 10 dB (see Table S3). This association was
linear (see Figure S3) and remained after adjustment for all noise
sources, IRnight or NEnight , NO2 , PM2:5 , and other additional
adjustments. The estimated eﬀect was mainly inﬂuenced by age
and by MAP, which decreased the association by ∼ 0:2 points
each (Table 2; see also Figure S1).
The association between NEnight and baPWV showed dose dependency and became stronger in magnitude after adjustment for
all Lden sources (Table 2), reaching an increment of 2.64% (95%
CI: 1.05, 4.22) in baPWV for the highest NE quartile. Compared
with the nighttime period, daytime NE was not associated with
baPWV, and there was a nonsigniﬁcant negative association
between daytime IR and baPWV (see Table S4). Adjusting for
these variables did not alter the association between railway Lden
levels and baPWV.
Figure 1 shows the results for the eﬀect modiﬁcation analyses. A nonsigniﬁcant positive association between road Lden levels and baPWV was observed in urban areas [0.72% (95% CI:
−0:14, 1.58); p = 0:099], whereas the association was negative
but further from signiﬁcance in rural areas [−0:64% (95% CI:
−1:65, 0.36); p = 0:210]; the interaction was statistically signiﬁcant (p-value of interaction = 0:031) (Figure 1). The association
between railway Lden levels and baPWV was greater at higher
IRnight levels, reaching a 1.22% increase (95% CI: 0.58, 1.86) in
baPWV in the highest IR group (p-value for trend = 0:124, pvalue of interaction for IR >80% vs: ≤80% = 0:053). The magnitude of the association was also greater for participants who
reported daytime sleepiness above the median [1.26% (95% CI:
0.54, 1.98)] than for those who did not [1.00% (95% CI: −0:10,
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Table 2. Associations of annual average transportation noise levels (Lden), total nighttime noise intermittency ratio (IRnight ), and total number of nighttime
noise events (NEnight ) with arterial stiffness (n = 2,775).
Noise indicator
Lden, road
Lden, railway
Lden, aircraft
IRnight
NEnight , Q1 (0–54.8)
NEnight , Q2 (55.1–122.9)
NEnight , Q3 (123.2–233.7)
NEnight , Q4 (233.8–1324.3)

Single-exposure models
% (95% CI)
0.19 (−0:50, 0.88)
0.87 (0.31, 1.43)**
−0:21 (−1:30, 0.88)
−0:05 (−0:68, 0.57)
Reference
0.71 (−0:48, 1.91)
0.89 (−0:33, 2.11)
1.77 (0.45, 3.09)**

Multiexposure model A
% (95% CI)
0.16 (−0:53, 0.85)
0.87 (0.31, 1.43)**
−0:33 (−1:43, 0.77)
—
—
—
—
—

Multiexposure model B
% (95% CI)
0.24 (−0:47, 0.95)
0.92 (0.35, 1.49)**
−0:31 (−1:41, 0.79)
−0:31 (−0:97, 0.35)
—
—
—
—

Multiexposure model C
% (95% CI)
−0:59 (−1:45, 0.27)
1.01 (0.44, 1.58)**
−0:26 (−1:36, 0.83)
—
Reference
0.97 (−0:23, 2.17)
1.42 (0.14, 2.70)**
2.64 (1.05, 4.22)**

Note: Subjects were exposed to road (99.7%), railway (44.6%), and aircraft (57.6%) Lden levels above the truncation value. Single-exposure models include one noise indicator at a
time. Multiexposure model A includes all source-specific Lden levels; model B = model A + IR; model C = model A + NE. All percent changes are per interquartile range (IQR) of the
respective noise indicator (road, 10.6 dB; railway, 8.1 dB; aircraft, 8 dB; IR, 27.2%), or quartiles (Qs) for NE. All linear mixed models were adjusted for sex, age, sex × age, education,
smoking status, pack-years smoked, secondary smoke, alcohol consumption, diet, body mass index (BMI), BMI2 , physical activity, mean arterial pressure (MAP), MAP × sex, nitrogen
dioxide, noise truncation indicators, and a random intercept by study area. *p < 0:1, **p < 0:05.

1.22); p-value of interaction = 0:086. We found no evidence of
other statistically signiﬁcant interactions or nonsigniﬁcant trends.
In sensitivity analyses, the magnitude of the associations
between transportation Lden levels and baPWV were greater after applying IPW to weight for participant selection bias since the
beginning of the cohort (see Table S5).
The association between railway Lden levels and baPWV
remained similar in magnitude when restricting the sample to
nonmovers during the 10 y before examination or to those without hearing impairment or CVD (factors that may interfere with
the exposure or the outcome). Associations of road and aircraft
Lden levels with baPWV became more positive for nonmovers
and more negative for those without CVD or hearing impairment,
but all remained highly nonsigniﬁcant.

Discussion
To our knowledge, this is the ﬁrst epidemiological study to evaluate the association between long-term exposure to transportation
noise and a direct marker of arterial stiﬀness, exploring the relative contribution of the diﬀerent sources and assessing the impact
of total noise events and total noise intermittency ratio. We
observed a linear association between annual average railway
noise levels (expressed with Lden) and baPWV, which might be
greater in highly intermittent noise environments at night (IRnight )
as well as in participants reporting daytime sleepiness. A positive
but nonsigniﬁcant association was observed with road Lden levels
in urban areas, whereas this association tended to be negative in
rural areas. The total number of nighttime noise events (NEnight ),
mainly representing road noise, was also associated with baPWV
independently of average noise levels. The observed associations
were also independent of traﬃc-related air pollution.

Transportation Noise Indicators, Arterial Stiffness, and
Comparison with the Literature
No previous epidemiological noise studies have evaluated direct
markers of arterial stiﬀness. Indirectly, our results appear to be in
accord with those of a cross-sectional study from the ﬁrst followup of this cohort (SAP2) (Dratva et al. 2012), which yielded an
association between annual average levels of railway noise and
blood pressure but not with road traﬃc noise. Our results suggest
that long-term exposure to railway noise may aﬀect arterial stiﬀness irrespective of other noise sources, total noise events, and
total noise intermittency ratio. Nevertheless, the impact might be
greater for those participants exposed to railway noise who live
in an environment with highly intermittent nighttime noise. In ancillary analyses to characterize such situations, we observed that
when IRnight was >80%, a) the percentage exposed to railway
Environmental Health Perspectives

noise (Lden) was higher (50.7%) than average (44.6%), and b)
among those exposed to railway noise, railway Lden levels were
also higher than average: 42.7 (17.5) versus 39.6 (12.1) dB,
respectively, but road and aircraft Lden levels were lower or similar (see Tables S6 and S7). This ﬁnding highlights the importance of situations in which railway noise stands out, exhibiting
its intermittent nature, thus leading to high noise events with
quiet periods in between (which may happen mostly at night).
These events should be also frequent enough while still standing
out from the background to agree with the observed higher railway Lden levels.
Total IRnight was not associated with baPWV, which suggests
that not all intermittent noise situations, which are mixtures of
diﬀerent noise-source combinations and background levels, might
consistently aﬀect baPWV. For example, a few separated and/or
quiet events in a quiet environment could still contribute to high
IR but would result in low noise levels, which may not be crucial
for baPWV. In contrast, high noise levels with high noise background (more likely during the day), would lead to low IR. Such
situations may even lead to negative associations and could
explain the observed negative association between IRday and
baPWV.
Two previous studies observed associations between annual
average road noise levels and isolated high systolic blood pressure (Babisch et al. 2014a; Foraster et al. 2014), an indirect
marker of arterial stiﬀness. Moreover, both studies were conducted in urban areas, namely, Augsburg, Germany (Babisch
et al. 2014a), and Girona, Spain (Foraster et al. 2014). A recent
study in another urban area (London, UK) also observed a nonsigniﬁcant positive association between annual average road
noise levels and atherosclerosis, a cardiovascular end point that
may contribute to arterial stiﬀness (Halonen et al. 2017).
The present study did not yield an association between road
Lden levels and baPWV in the entire sample, but it did yield an
association for NEnight , mostly correlated with road Lden noise
levels (r = 0:67). This ﬁnding suggests that a) the number of
nighttime noise events (not daytime noise events) could be a relevant road traﬃc predictor for high baPWV, and b) average road
noise levels might not always be representative of such noise patterns alone. Indeed, the structure of road traﬃc noise is more
complex than those of railway and aircraft noise, whose average
noise levels already represent the eventful nature of the source. In
line with the abovementioned literature, we observed a nonsigniﬁcant positive association between road Lden levels and baPWV
in urban areas (p = 0:099), although there was an opposite negative tendency in rural areas (p = 0:210), which could explain
the signiﬁcant interaction. Although chance ﬁndings can never
be discarded and the results in rural areas are diﬃcult to
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Although aircraft noise is of intermittent nature as is railway
noise, it was not associated with baPWV. Because the night is
considered the most susceptible time window for cardiovascular
eﬀects (Münzel et al. 2014), such an observation could be related
to the lack of aircraft operations after midnight in Switzerland
[Lnight, aircraft median ðIQRÞ = 20 (4) dB; see Table S2).

Closing windows, No (n=2126) Closing windows, No (n=2126) Closing windows, No (n=2126)
Yes (n=619)
Yes (n=619)
Yes (n=619)

Lden air

Bedroom orientation, Street (n=1156)
Bedroom orientation, Street (n=1156)
Bedroom orientation, Street (n=1156)
Backyard (n=1607)
Backyard (n=1607)
Backyard (n=1607)

a

Rural area (n=1079)
Urban area (n=1696)

*

Rural area (n=1079)
Urban area (n=1696)

Lden rail

Rural area (n=1079)
Urban area (n=1696)

Intermittency ratio night, < 40 (n=292)
Intermittency ratio night, < 40 (n=292)
Intermittency ratio night, < 40 (n=292)
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40.1−60 (n=525)
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60.1−80 (n=973)
60.1−80 (n=973)
80.1 (n=985)
80.1 (n=985)
80.1 (n=985)

Noise sensitivity, < p50 (n=1303)Noise sensitivity, < p50 (n=1303)Noise sensitivity, < p50 (n=1303)
≥ p50 (n=1142)
≥ p50 (n=1142)
≥ p50 (n=1142)

*

Noise annoyance, < p75 (n=1868)
Noise annoyance, < p75 (n=1868)
Noise annoyance, < p75 (n=1868)
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Day sleepiness (n=1439), < p50 Day sleepiness (n=1439), < p50 Day sleepiness (n=1439), < p50
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Biological Mechanisms
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3
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2
1.5
1
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0
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−2
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Figure 1. Association between annual average source-speciﬁc noise levels
(Lden) and arterial stiﬀness (baPWV) across diﬀerent subgroups, per interquartile range (IQR) change of the respective noise indicator (road: 10.6 dB,
railway: 8.1 dB, aircraft: 8 dB). Multiexposure linear mixed models included
an interaction term between Lden and the corresponding subgroup and were
adjusted for sex, age, sex × age, education, smoking status, pack-years
smoked, secondary smoke, alcohol consumption, diet, body mass index
(BMI), BMI2 , physical activity, mean arterial pressure (MAP), MAP × sex,
nitrogen dioxide, all source-speciﬁc Lden levels and their noise truncation
indicators, and a random intercept by study area. **p-value of interaction
<0:05, *p-value of interaction <0:100. ap-value for trend = 0:124, p-value of
interaction ð>80 versus ≤80Þ = 0:053.

interpret, the diﬀerences could also relate to the type of road
noise characteristics captured by Lden in each environment.
Interestingly, Lden was more representative of NEnight in urban
than in rural areas (r = 0:70 vs: r = 0:61, data not shown). In
fact, participants lived closer to major roads [141.3 (264) m
vs. 671 (1,298) m] and were exposed to higher NEnight [131
(207) vs. 112 (145)] in urban than in rural areas, respectively
(data not shown). In conclusion, situations with more frequent
road traﬃc events that stand out from the background (more
likely at night and when living closer to the source) could be
more relevant than a few isolated quiet cars with quiet background at night (which could lead to higher IR) or continuous
noise with no distinct events (which would provide low IR but
high average noise levels).
Environmental Health Perspectives

The association observed with NEnight , but not NEday , and the
suggestive interactions with IRnight and daytime sleepiness appear
to be in line with the main proposed biological pathway of cardiovascular noise eﬀects. This pathway suggests that noise triggers
a direct stress reaction, which activates the autonomic nervous
and endocrine systems, particularly during resting periods and
even while sleeping (Babisch 2002). Sleep might be involved in
the eﬀects of noise on baPWV because participants with daytime
sleepiness seemed to be more susceptible to the estimated eﬀects
of railway noise on baPWV. However, the associations were not
mediated by daytime sleepiness, which might indicate the implication of other sleep indicators or pathways not tested in this
study.
Speciﬁcally, an experimental sleep study observed acute
increases in blood catecholamine levels, endothelial dysfunction,
and pulse wave velocity (Schmidt et al. 2013) and suggested a
mediation through oxidative stress. However, the authors only
assessed nighttime aircraft noise levels. Other sleep studies have
observed that awakenings were more related to noise events and
to their maximum levels than to average noise levels (Basner
et al. 2011; Brink et al. 2008; Elmenhorst et al. 2012), which was
also observed for cardiac arousals and heart rate changes, and as
in the present study, only for railway and road noise levels
(Basner et al. 2011). This ﬁnding was explained by the faster
noise level rise time of railway and road noise compared with that
of aircraft noise events. Basner et al (2011) further observed that
cardiac arousals persisted across several nights. This observation
suggests that in the long term, such acute repeated reactions could
persist and contribute to homeostatic and vascular changes, such
as arterial stiﬀness and hypertension (van Kempen and Babisch
2012), which contribute to CVD (Münzel et al. 2014). By means
of stress-related cortisol release and noise-induced sleep disturbance, down-stream mechanisms might also involve oxidative
stress, inﬂammation, impairment of the circadian rhythm and
immune system, or a combination of any or all of these mechanisms, promoting insulin resistance and atherosclerosis, which
could in turn aﬀect arterial stiﬀness (Münzel et al. 2016; Recio
et al. 2016). Indeed, several pathways could be in place. Our
results suggest that part of the studied association might be mediated by blood pressure, given that the magnitude of the association
between railway Lden levels and baPWV was 18% smaller after
adjustment for MAP. In addition, high blood pressure may also be
a consequence of arterial stiﬀness. Nonetheless, a direct association remained after controlling for MAP, which could respond to
pathways independent of blood pressure.

Strengths and Limitations
The main limitation of this study was its cross-sectional design.
Nevertheless, our results are supported by initial experimental
and epidemiological evidence (Babisch et al. 2014a; Basner et al.
2011). Reverse causality might also be limited because it seems
unlikely that participants with high baPWV move to noisier areas
(Babisch 2011), and the results remained similar for those without
CVD. Regarding selection bias, sensitivity analyses indicated that
the results of the present study might be conservative because the
magnitude of the studied associations was greater after applying
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IPW to assess loss to follow-up since the beginning of the cohort
and for the entire age range. Another limitation was the small
number of participants exposed to nighttime aircraft noise, which
may explain the null ﬁndings for this exposure, assuming that
nighttime is the most relevant period of exposure. Nevertheless, its
lack of impact on baPWV might be plausible according to the
slower rise time of its events, as explained above (Basner et al.
2011).
The main strength was the novel and detailed individual residential noise exposure assessment for the whole of Switzerland,
which was, to our knowledge, not available in previous studies.
Moreover, we used new indicators to estimate noise events and
intermittency ratio; assessed the three main transportation noise
sources, which are acoustically diﬀerent and could have diﬀerent
eﬀects on health (as observed); and controlled for traﬃc-related
air pollution exposure, a main confounder when studying the
eﬀects of road noise on CVD (Tétreault et al. 2013). Exposure
misclassiﬁcation related to residential mobility seemed limited
because the results were robust to excluding participants who
moved during the last 10 y before the examination. In addition,
we observed no exposure modiﬁcation by closing windows at
night or by having the bedroom facing the backyard (Babisch
et al. 2014b; Foraster et al. 2014). Exposure misclassiﬁcation
resulting from the use of residential Lden and not Lnight (when
participants are mostly at home) levels may also be limited
because Lden levels were almost perfectly correlated with Lnight
levels for railway and road (0.98–1.00), and we would also
expect null associations with Lnight levels for aircraft owing to
the little nighttime aircraft noise exposure in this sample. In turn,
exposure during the evening at home would be captured by Lden.
This study was also able to use a direct measure of arterial
stiﬀness (baPWV). Although central pulse wave velocity is the
gold-standard marker, it is highly dependent on the observer’s
skills and thus requires extensive training (Endes et al. 2015),
and this information was only available for a small and diﬀerently distributed sample in terms of noise exposure, limiting statistical power and comparability. In contrast, baPWV has been
proposed as a reproducible, easy-to-apply measure of peripheral
and central arterial stiﬀness, and it is also a predictor of future
cardiovascular events and all-cause mortality (Vlachopoulos
et al. 2012, 2015). Although baPWV has mainly been validated
in Asian populations, its use has recently shown reproducibility
in Caucasians in the Swiss population (Endes et al. 2015). We
also adjusted for MAP, used to obtain a more representative,
clean measure of baPWV. This may lead to overadjustment
because blood pressure could be in the pathway or could be a
consequence of arterial stiﬀness. Therefore, our approach was
likely conservative and would probably be more representative of
the direct association between transportation noise and arterial
stiﬀness. The magnitude of the total estimated eﬀect of railway
noise on arterial stiﬀness may be greater, as observed before
adjustment for MAP. Finally, although the magnitude of the estimated eﬀects was small, a systematic review of cohort studies has
shown that a small increase in baPWV by 1 m=s was associated
with a 13% increase in cardiovascular mortality (Vlachopoulos
et al. 2012). Moreover, exposure to transportation noise is prevalent and aﬀects millions of people, and thus is an important contributor to the burden of CVD.

Conclusion
In conclusion, residential outdoor long-term exposure to railway
noise (expressed as annual average Lden levels) and to total number of noise events (mainly related to road noise) may be associated with arterial stiﬀness as measured by baPWV, particularly at
night and potentially through sleep impairment. The impact of
Environmental Health Perspectives

railway noise might be stronger in highly intermittent nighttime
noise environments (i.e., in a noise-ﬂuctuating environment with
contribution of high noise events to the total noise level). The
number of distinct nighttime noise events may be critical for high
baPWV, and it may be a better predictor of the detrimental patterns of road noise than average levels alone. The latter might be
less representative in rural than in urban areas, where participants
live closer to traﬃc and exposure to noise events is greater. The
association between transportation noise and arterial stiﬀness
adds to the evidence about the long-term impact of noise on the
cardiovascular system and the development of CVD. These initial
ﬁndings should be replicated in future longitudinal studies, considering areas with more exposure contrast in aircraft noise levels
and taking additional biomarkers into consideration toward
mechanistic understanding.
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